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P. A. Sturrock, P. Kaufmann, R. L. Moore and D. F. Smith

-*e examineobservational evidence concerning energy release in solar

flares. --.I propose that different processes may be operative on four

different time scales: (a) on the sub-second time scale of '-ub-burstsw'which

are a prominent feature of mm-wave microwave records; (b) on the few-seconds

time scale of Ueiementary burstsa'hich are a prominent feature of hard X-ray

records; (c) on the few-minutes time scale of the impulsive phase; and (d) on

the tens-of-minutes or longer time scale of the gradual phase.

-We propose*Athat the concentration of magnetic field into wmagnetic knots*'

at the photosphere has important consequences for the coronal magnetic-field

structure such that the magnetic field in this region may be viewed as an4.- -4..-.

array of Welementary flux tubes*. The release of the free energy of one such

tube may produce an elementary burst. The development of magnetic islands

during this process may be responsible for the sub-bursts. The impulsive phase

may be simply the composite effect of many elementary bursts.

it proposethat the gradual phase of energy release, with which flares

typically begin and with which many flares end, involves a steady process of

reconnection, whereas the impulsive phase involves a more rapid stochastic

process of reconnection which is a consequence of mode interaction.

In the case of two-ribbon flares, the late part of the gradual phase may

be attributed to reconnection of a large current sheet which is being produced

as a result of filament eruption. A similar process may be operative in

smaller flares. -- -.
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1. n &L

It has been realized for some time that magnetic reconnection plays an

important role in solar flares. It was realized by Giovanelli (1947, 19148)

that flares are essentially electromagnetic phenomena. Dungey (1958) pointed

out that magnetic neutral points offer favorable sites for particle

acceleration. Sweet (1958a,b) noted that such energy release may occur in

entire current sheets. Gold and Boyle (1960) proposed an alternative

configuration with similar provision for the storage and release of magnetic

energy.

In developing theories of solar flares, such as those referred to above,

there has been a strong tendency to concentrate on the very sudden release of

energy occurring during the *impulsive* phase, which is closely related to

what has been called the Oflash" phase or "expansion" phase in earlier work

based primarily on H-alpha data. It was implicitly assumed that to explain

the impulsive phase is to explain the complete flare.

The above viewpoint is no longer accepted. In the Skylab workshop on

solar flares (Sturrock 1980), it was clearly recognized that most flares

manifest release of energy during an 'onset phase* (including what is termed

*preheating*) occurring before the impulsive phase. This energy is seen most

clearly in the early buildup of soft X-ray emission. In this context, one .

should also recall that filament activity frequently occurs before a flare

(Smith and Ramsey 1964); this activity may be regarded as a 'precursor" if it

occurs about an hour before the flare, or as part of the "onset phase* If it

occurs only a few minutes before the impulsive phase. Although Kiepenbeuer

(1964) argued some time ago that filament activity and flares should be

regarded as different aspects of one complex process, it is still usual to

regard filament eruption and flares as separate but related phenomena (Van
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Haven &t aLu. 1980). A gradual onset phase preceding the impulsive phase can

also occur in flares having no visible filament eruption; an especially veil

observed example is the flare of 1980 November 1, stuadied by Tandberg-Hanssen

A.t Al. (1983).

Although radiation continues long after the impulsive phase, this long-

lived radiation may often be interpreted as the slow decay of energy suddenly

released during the impulsive phase. For Instance, the soft X-ray emission

can be attributed to hot plasma formed by "evaporation' of gas from the

chromosphere during the impulsive phase (Neupert 1968; Hudson and Ohki 1972;

Hirayama 1974; Antioohos and Sturrock 1976). However, careful analysis has

shown that, for some flares at least (Datlove At al. 1975; Moore At Al.

1980), there must be continued energy release in what has been termed the . ":

"late phase" of a flare (Sturrock 1980). Indeed, H-alpha data for "two-

ribbon" flares (Svestka 1976) provide very strong evidence for such continued

energy release. In this case, the two flare ribbons drift slowly apart

(receding from the magnetic neutral line) so that, late in a flare, regions of

the chromosphere are being heated which were not heated during the impulsive

phase.

Substantially the same conclusion has been reached by Kundu (1965) in his

analysis of flare-related radio emission. He finds that this emission occurs

with two distinct phases, which he terms *impulsive" and "post-burst,"

demonstrating that radio emission requires continued energy release after the

impulsive phase of a flare. The division of microwave bursts into two broad

classes of "impulsive" and "gradual' was indeed proposed even earlier by

Covington and Harvey (1958).

The facts listed above led, in 1980, to the view that there are not one

but three phases of energy release in solar flares (Sturrock 1980), namely,

the onset phase, the impulsive phase, and the gradual phase. Feldman At Al.-
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(1982) have argued from their analysis of the hard and soft X-ray emission of

two H-flares (Doschek At Al. 1981) that, for these flares at least, the onset

phase and the late phase form a single oontinuous sauence, distinct from the

impulsive phase. However, for most two-ribbon flares, the H-alpha

morphologies and time-curves of the onset phase and late phase are quite

different, indicating that we should not generalize the argument of Feldman It-

al. into the proposal that for All flares, the onset phase and the late phase

are simply two stages of a single process.

Kane (197M), some time ago, introduced the term "gradual phase* to

characterize the phase of soft X-ray emission which follows the impulsive

phase of a flare. We propose that the onset phase and the late phase of

energy release may both be termed the "gradual" phases of energy release, to

distinguish them from the impulsive phase.

It appears to us that there are at least two distinct modes of energy

release in a typical solar flare. One mode is responsible for the impulsive -,.

phase, and another for the two gradual phases. In terms of the usual

assumption that energy release in solar flares is due to the release of free

energy associated with current-carrying magnetic-field configurations, the two

modes may, for instance, represent modes of reconneotion, or reconnection in

different types of magnetic-field configurations. These possibilities will be

discussed further in subsequent sections.

In seeking to identify the number and characteristics of the various

modes of energy release involved in flares, it is an oversimplification to

consider only two modes associated with the impulsive and gradual phases. It

"Q is generally believed that the primary energy release process produces high-

energy electrons (and sometimes relativistic electrons and ions); the most

*. direct indicators of these high-energy electrons, hard X-ray emission and
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microwave emission, are produced by bremastrablung and gyro-synchrotron

radiation, respectively. Recent observations indicate that time curves for

these radiations contain a great deal of fine structure, which seems to

require similar structure in the energy-release process.

Analysis of the hard X-ray emission from flares (Frost 1969; van Beck at

Al. 1974; de Jager At jL. 1976) shows that the impulsive phase of a flare is

typically comprised of a large number of events of comparatively short

duration. The similarity in shape of the individual spikes in the X-ray flux

led van Beek &I .L3. (1974) to introduce the term *elementary flare burst" - .

(which we abbreviate to *elementary burst") to characterize the process

responsible for each such spike. The time scale of each such burst is in the

range 5-20 a, and it was estimated that each such burst requires a total

energy in the range 1027 - 1029 ergs.

From their analysis of millimeter-wave radiation, Kaufmann at aL. (1980)

claim that there is evidence for "quasi-quantization" of energy release in

solar flares. The rapid variations in the millimeter-wave radio flux is

interpreted as being caused by the superposition of a sequence of individual

bursts, which we here term, for convenience, 'sub-bursts. It is not

possible to determine the time scale of each such burst, since they are

usually "piled up'. The most rapid rises ever observed have time scales of

order 50 msec. Kiplinger At j.L (1983) have reported that the hard X-ray flux

from flares, as detected by experiments on board the S3M spacecraft, sometimes

exhibits fluctuations on a comparable time scale.

More recently, Takakura At al. (1983) have made a comparative study of

microwave and hard X-ray fluxes. It was found that '(a) on time scales of

several seconds, the time structures are poorly correlated at different

microwave frequencies and between microwaves and hard X-rays; (b) on sub-

second time scales, however, the more rapidly repeating time structures are '
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well correlated at two different microwave frequencies and between microwaves

and hard X-rays." Tandberg-Hanssen At al.. (1983) also found a lack of

correlation between microwave and X-ray burst structures on time scales of

several seconda. One intense spike-like burst observed at microwaves and hard

X-rays, with half-power duration of about 5 a, was shown to be composed of a

*slow' component with a time-scale of about 1 s and to display, at its peak, a

repeating microwave subsecond structure with a time-scale of about 30-60 ma

(Kaufmanne al s ., 1984).

On reviewing the above facts, we see evidence for at least three

different 'modes* of energy release, as characterized by different time scales

and, to some extent, by different energy scales:-

(a) A mode of release with sub-second time scale, which is strongly

evident in microwave radiation but is evident also in hard X-ray

radiation, which we term 'sub-bursts'.

(b) A mode of energy release with a time scale of seconds, strongly

evident in hard X-ray data, responsible for *elementary burstsW .

(c) A 'gradual mode.* Analysis of the long-lived soft X-ray emission

and of the evolution of H-alpha emission in large two-ribbon flares

shows that, in some flares at least, there must be a mode of energy

release with a time scale ranging from minutes (during the onset

phase) to many minutes (during the late phase).

The Oimpulsive phase,3 which has a time scale of order one minute, may be

regarded as a sequence of elementary energy releases corresponding to modes

(a) and (b).

It has been realized for some time that many flares are closely related

to the activation and eruption of filaments. Kiepenheuer (1964) wrote, 'Those

who have seen In an accelerated movie the brightening of a flare out of a dark

hT
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filament, and the almost chaotic interaction of bright and dark structures

will not doubt the existence of a causal relation between the activation of a

dark filament and the formation of a flare.' The usa view is that filament

activation somehow creates a magnetic-field configtation which then produces

the flare (Svestka 1976). However, it is also possible that the association

is even closer and that filament activation is to be regarded as an essential

part of the flare process. Moore al Al. (1983) have found good evidence for

this viewpoint in an impulsive filament-eruption flare. Moreover, Zirin

(1982) has expressed the opinion that all flares (even very small ones)

involve the eruption of a dark feature.

We shall discuss energy release during the impulsive phase in Section 2, --

energy release during the gradual phase (comprising the onset and late phases)

in Section 3, and make further comments on the overall problem in Section 4.

.2. u a

As we have pointed out in Section 1, there are at least three ranges of

time scales involved in the impulsive phase. The phase itself lasts for one

minute to a few minutes. Hard X-ray emission exhibits a great deal of fine

structure with time scales as short as 30 osec; however, the typical time

scale for "elementary bursts" is in the range 5-20 s (van Beek Atl Al. 1974).

High-sensitivity millimeter-wave microwave data show a great deal of fine .

structure in the time variation, typically extending to fluctuations in the

sub-second range. The analysis of some data of sufficient sensitivity

* indicates that the sub-second time structure appears also in the hard X-ray

emission.

It is convenient to begin by considering the elementary X-ray bursts.

There appear to be two ways to interpret this fine structure:-

(a) in terms of the time development of the reconnection process of an

8
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extended magnetic-field configuration; or

(b) in terms of reconnection of discrete small magnetic-field

structures. /
We shall discuss later in this section the possible role of fluctuations

in the reconneotion process. At this time, we note that there are reasons for

exploring the possibility that the magnetic field of active regions has a

cell-like structure which could lead to a pulse-like structure in the time

development of energy release.

In recent years, we have learned that the early magnetograms have been

v sleading in indicating a continuous sequence of magnetic field strengths

from the smallest detectable values (a few gauss) to the values characteristic

of sunspot umbrae (several thousand gauss). Observations now indicate that,

at the photospheric level, magnetic field lines tend to be pulled together

Into small flux regions with dimensions of order 500 km or less, in which the

magnetic field strength is of order 1000 - 1500 gauss (Sheeley 1981). In

consequence, the magnetic field at the photosphere tends to be aggregated into

'knots' in which the flux has values of order 101804 Mx. There is

Insufficient data to determine the range of values of magnetic flux in such

knots. For simplicity, we adopt the value 1018"4 Mx, recognizing that this is

an arbitrary value in a range of likely values. This leads to the picture,

which is undoubtedly oversimplified, that the magnetic field penetrating the

photosphere is Rquantized' in flux. This suggests that the magnetic field in

the corona will comprise an assembly of flux tubes, which could be termed

'elementary flux tubes", each originating in a strong-field knot in the

photosphere and terminating in another knot. In general, one must expect each

knot to be connected to more than one such tube. If this is the case, the

magnetic flux of these tubes will normally be less than that of a typical

... . . ... '-'..'.:
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knot, but should have the same order of magnitude. (See Figure 1.)

If the magnetic field of the photosphere were structured as indicated

above, the magnetic field at coronal heights will show little evidence of this

structure if the magnetic field is current-free. The effect of the

elementary-flux-:tube structure would decay with height in a distance

comparable with the distance between flux tubes. If the average photospheric

field strength in an active region were 100 gauss, this inter-knot distance

would be about 1500 km.

However, as has been pointed out elsewhere in connection with the problem
S

of coronal heating (Sturrock and Uchida 1981), one must expect that granular

motion of the photosphere will produce random rotations in these elementary

flux tubes. Such rotation will lead to a distributed current in each such

tube, in the form of a force-free field. It will also lead to intense current

sheets separating contiguous tubes.

The free energy U (erg) stored in a single flux tube may be estimated

from calculations presented by Sturrock and Uchida (1981):

2 2
0 (&X)

0 =(2.1)
16u2 L

where 0 (Mx) is the magnetic flux, L (cm) is its length, and AX (radia) is

the angle of relative rotation of the ends of the tube.2  The permissible

range of values of AX will be limited by the requirement of MHD stability of

the flux tube. A relevant analysis of the stability of force-free magnetic-

field configurations has been made by Anzer (1968). If we apply his analysis

to the simple Gold-Hoyle (1960) model of a force-free flux tube, of which the

Sturrook-Uchida (1981) model is a simple extension, we find that the limit of

MHD stability corresponds to AX= 27r. On adopting this value as determining ,"',,','

2Note that we choose to regard U, etc., as m Thus U is the number .
of ergo of energy. The energy is U x (1 erg).
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the maximum f ree energy which can be stored in such a flux tube, and on

adopting the value 'D£ 101.4 we find that

U 1036-2 171 (2.2)

We see that a reasonable range of lengths L a108 -10915 for the region

responsible for the impulsive phase of a solar flare leads to the range U

1026.5 _ 1028. This agrees fairly well, but not perfectly, with the estimate

1027 _ 1029 erg for the energy associated with elementary bursts (van Beek .~

The time scale for release of energy of a twisted elementary flux tube by

means of reconnection does not admit of such a simple estimate. The shortest

time in which the energy can be released is the time it would take a complete

flux tube to unwind, given by

T Z a(2.3)

For a fully ionized plasma in which the magnetic field strength is B and the

density of electrons and ions is n (cm7),

vA 1011'1 3 B dn1 1 2  
.(2.41)

It is clear that the largest contribution to the integral (2.3) comes from the

extended weak-field region of the tube, not from the small, strong-field

region near the footpoints. Hence, we may estimate T in order of magnitude

from

T u 01 L B-1 n 2  
. (2.5)

In the compact part of a solar flare responsible for the impulsive phase,

it in likely that B is of order 102 or a little more, and that n (the preflare



oronal electron density) is of order 109 "5 , so that

u  10 8 5 L (2.6)

Hence, for L in the range 109 to w we obtain estimates T of order 2 -

10 a. This estimate agrees favorably with the typical duration of elementary

bursts.

We now consider briefly the impulsive phase as a whole, and ask if It in

possible to understand the time scale and energy scale in terms of the

sequential energy release of the free-energy of a large number of elementary

flux tubes. If reconnection in one flux tube triggers reconnection in an

adjacent flux tube, then the disturbance will propagate transverse to the

magnetic field with the transverse velocity given, In order of magnitude, by

v1  R , (2.7)

where R is the radius of the flux tube, and T u is the 'unwinding" time for

a single tube given by Equation (2.5). Then the time scale of the impulsive

phase is given, in order of magnitude, by

rI=Lvj 1  (2.8)

On using Equation (2.5) and noting that

R2B = 1018." (2.9)

we obtain

T = 10"2 0 "5 L2 B' 1/ 2 n1 / 2  • (2.10)

If, for instance, we adopt typical values B 102 , n = 0 we find that -"

will range from 20 a to 3 m as L varies over the range 109 109*5 If B = 102

12



and L in appreciably less than 109, the number of flux tubes is very small.

The impulsive phase, even of a large flare, does not involve dimensions muoh

larger than 10*5 This range of estimates or the uration of the impulsive

phase is in reasonable agreement with observational data.

We now consider the total energy released during the impulsive phase,

considering only the aggregate of the free energy of the individual flux

tubes. Since N, the number of f lux tubes, is given by

N =10-18.4I B L2 (2.11)

and the maximum energy of an individual tube is given by (2.2), the total tree

energy of the assembly of flux tubes is given by

Note that this varies with average field strength and length scale in a way

which differs significantly from that of the total magnetic energy, given

approximately by

UM 10i-1.4 B2 L3  
.(2.13)

We find from the above equations that, if N is not too small,

UT 1008I'U * (2.141)

Hence, for a large flare, the amount of energy released during the impulsive

phase may be only a -small fraction of the total energy in the magnetic field--

even of the total free energy of the magnetic field.

The above result tends to agree with the detailed analysis of the flare

of 19T3 September 5, made by Canfield "~kAl. (1980) and Webb Al~ Al. (1980).

For that flare, the total energy released during the impulsive phase was about

1029.3 erg whereas the total energy budget (mainly in mechanical energy) was

13
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in excess of 1031.3 erg. Canfleld &&Al. (1980) estimate the area of R-alpha

emission at 1018.5 on2. If we adopt L z 109,2, the energy of the impulsive

phase can be understood if the average field strength was 102.3 gauss.

If we are to attribute the mechanical energy to magnetic free energy

released during the flare, the total magnetic energy must exceed 1031.3 erg,

perhaps by a factor of 10. This energy must therefore be derived from a field

configuration which is stronger than 102.3 gauss, or larger than 109.2 on, or

both. This is not unreasonable, since the active region involved spots where

the magnetic field strength would have been much larger than 102.3 gauss.

According to Kaufmann &I j&L (1980), detailed analysis of millimeter-wave

solar bursts is indicative of a Rquasi-quantization" of this radiation. It

has been found that impulsive millimeter-wave solar bursts typically consist

of a sequence of narrow spikes. They overlap each other, and only the peaks

of the spikes are observed. For bursts examined in detail, the shortest time

difference between two individual spikes is in the range 30 ma to 60 ms

(Kaufmann jL Al., 1984). The time scale of an individual spike emission,

however, may well be larger than the inverse of the repetition rate. The flux

level of bursts rises as the repetition rate of spikes increases, following an

approximately linear relationship. It is this relationship which led Kaufmann

"&Ie aL. (1980) to propose that "the flare energetic injections are quasi-

quantized in energy." The analysis of this data is complicated by the

'piling-up' of data, an effect which has been analyzed recently by Loran At

uA. 1984).

The ratio of the mean radio flux to the mean repetition rate was found to

be about 5 sfu sec at 22 gliz. If the length of a typical pulse is taken to be

10-1 sec, then the mean flux of an average pulse will be 50 sfu at the earth,

which converts to angular flux density of radiated energy per unit bandwidth

41
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In order to interpret the microwave data, we use formulas for synchrotron

emisalvity from mildly relativistic particles developed by Petrosian (1981).

We consider four cases: (a) 6 a 3, B = 102; (b) 6 a 3, B z 103; (a) 6 = 5,

B = 102; (d) 6 x 5, B = 103; where - 6 is the power-law index of the

electron spectrum, yielding +(S - 1) for the power-law index of the radio

spectrum. We consider, for simplicity, radiation perpendioular to the

magnetic field so that e = 7r /2 in Petrosian's formulas. Then Equation

(P.35a) [Equation (35.a) of Petrosian (1981)] yields

Y(1 ( 6 (2.15)

where Vg is the gyrofrequency, v is the observed frequency, and Y"

indicates the range of y which gives the dominant contribution to the

radiation. For the observed frequency v 101041, we find: (a) YO a 5.1;

(b) y0  1.9; (c) y0  4.3; (d) Yo 1.7.

The quantity Z2m, defined by (P.10), is given approximately by

Z2m e(-1/2)(6 1) (2.16)

from which we see that (a,b) Z2 m 0.14; (c,d) Z2m a 0.050. We note also,

from (P.33), that

X +1 6 )1/2 ,(2.17)

so that (a,b) X a 0.50; (c,d) X = 0.4i1.

If the total number of electrons dN with Y in the range Y to Y + dy is

expressed as

dN af( y) dy, ,(.8

15
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we may use (P.11) to relate the angular flux density JV to fty),

021/2 1l/2 2mf(y ) z 2  (2.19)Uvz v b ve

-II

We have simplified Equation (P.11) by considering only the case 9 7r2

corresponding to radiation normal to the magnetic field vector.

On adopting the numerical value J. 109.1 and considering in turn cases

(a) to (d), we obtain the estimates: (a) fCY0 ) = 10294; (b) f(y O ) 1028.9

(a) f(yo) = 1030,0; (d) f(yO) =1029.5

Using the above estimates of f(yo), we may estimate the energy U0 (erg)

of electrons responsible for the observed microwave radiation by the

approximate formula

U= 10 6 . 1 f(yo)oy- 1)2 o (2.20)

We find that: (a) U0 = 1024 5 ; (b) U0 = 1022"7; (c) 00 = 1025.1; (d) U0 =

1023.1. We note that these estimates are of order 10-4 times the estimates of

energy associated with elementary bursts.

We now consider the possibility that the electrons responsible for the

observed microwave radiation are part of a power-law spectrum. We adopt

Petroslan's model (P.30) for f (y), ,

f(Y) = C +. Y  " 1'.-'.-7--y),a(2.21) 1."-,

."-where Y - I = c is the lower limit of the spectrum. The total electron -;.,

energy is now given by

UT = 106.1(6 1 '(6 - 2)1 C cc2 (2.22)

16
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This may be expressed alternatively as

UT= (6- 1)' 1 (6- 2) " 1 Ee2( + Y ) 0  . (2.23)

On adopting the value c O.04, corresponding to cutoff energy of 20 keY,

we find that: (a) UT = 1027.5; (b) UT = 1023.8; UT = 10308;

(d) UT = 1025.6. It is clear that the estimates of total energy are very S

sensitive to the assumed values of 6 and B, ranging from values much less ;

than 1027 to values much more than 1027. Since the fsub-bursts" detected by

Kaufmann come from small flares as well as from large flares, it is more S

likely that the energy responsible for each such burst is produced by

conditions (b) or (d), rather than by conditions (a) or (c). Hence it seems

likely that the radiation comes from magnetic-field regions of order 103 P

gauss.

If the microwave bursts and the hard X-ray bursts were due to essentially

the same energy-release process, one would expect that energy estimates would

be similar, observed time durations would be similar, and that there should be

a good correlation between the time curves of the two types of radiation.

Recent studies by Takakura el Al. (1983) have shown that the time curves at _

various microwave frequencies and at hard X-rays exhibit little correlation on

time-scales of seconds, except when fast quasi-periodicity is evident, in

which case the periodicity appears at all frequencies, possibly indicating •

that the same energy-release process is at work. In their analysis of other

flares, Marsh &Ital. (1981) and Tandberg-Hanssen At j (1983) have inferred

that the population of energetic electrons that produce the impulsive

microwave emission is distinct from the population of electrons that produce

the hard X-ray burst.

If the energy-release process responsible for hard X-ray elementary

bursts is taken to be the reconnection of an elementary flux tube, one must

17
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look for a process smaller in scale to explain the microwave sub-bursts. For

the dimensions, field strength and electron density assumed earlier in this B

section as being typical of an elementary flux tube, the AlfvOn speed is

108 . 5 cm s "1 . Hence a microwave sub-burst of duration only 10-1 s must

originate In an energy-release process extending over no more than 1075 cm.

Although there is a great deal of uncertainty about the energy

requirements for the microwave sub-bursts, it seems most likely that the

energy is substantially less than that associated with the elementary X-ray

bursts due to their greater frequency and shorter time scale. If we are

correct in attributing elementary bursts to reconnection of individual flux

tubes, then microwave sub-bursts must be explained In terms of energy release

processes smaller in scale than elementary flux tubes.

Recent developments in reoonnection theory indicate one way in which this

requirement may be met. In an attempt to understand sudden current

disruptions in tokamak devices, the reconnection ("tearing) process has been

studied by computer simulation (Carreras &L al. 1980), and by nonlinear

analytical analysis (Carreras At jL. 1981). It is found that if reconnection

leads to the development of a single tearing mode, or to modes which do not

interact with each other, then reconnection proceeds in two phases: (I) The

initial phase described by FIR (Furth At al. 1963) linear theory, in which
f

there is a slow but exponential growth, followed by (II) a nonlinear develop- --

ment in which the amplitude grows linearly with time.

If two or more modes are unstable and begin to grow, they will proceed

through the above two stages and, if the spatial locations of these two modes

are sufficiently close together, they will enter a third stage (III) In which

the "islands" which develop in each mode come into contact. When this occurs,

the interaction of the two modes leads to a very rapid exponential growth of

18
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one or more modes, the rate of growth at this stage being considerably larger

than the rate of growth in the initial regime of linearized theory.

In the cases investigated by numerical simulation by Carreras at Al.

(1980), the initial growth did, in fact, occur at a rate consistent with FKR

theory, Le., at a rate which is approximately the geometrical mean of the NED

rate and the diffusion rate. On the other hand, when mode-interaction

occurred leading to the third stage of growth, the rate was closer to the MMD

rate and, therefore, substantially faster than the FKR rate. If a similar

distinction were to occur in the reconnection processes occurring in solar 9

flares, it is likely that the difference in the growth rates between phases

(I) and (III) would be much more pronounced, since the magnetic Reynolds

numbers are much larger in solar flares than in laboratory devices due to the .

fact that the length scales are so much larger.

An important aspect of the third stage of the reconnection process is

that the magnetic-field behavior becomes stochastic. Depending on the time

scale, this may contribute to the rapid fluctuation in energy release during

the impulsive phase of a flare. During the rapid mode of energy release

(III), components of the electric field parallel to the magnetic field attain

higher values, which could explain the acceleration of electrons to many tens

of keY during the impulsive phase. Furthermore, strong MHD turbulence is

developed, which can help explain the acceleration of electrons and ions to

relativistic energies via stochastic acceleration.

The numerical simulations show that, during the third stochastic stage,

the reconnection process develops substructure (magnetic islands) of which the

transverse dimension is of order 0.1 R, where R is the minor radius of the

magnetic-field configuration. In the analysis of Carreras At al. (1980) and

Carreras et Al. (1981), variations in the reconnection process along the

length of the flux tube are suppressed so that these analyses yield no
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Information concerning the longitudinal length scale. However, the analyses

show that, in tbe rapid-growth phase, perturbations are propagating in the

transverse direction approximately at the klt vbn speed. Since the AlfvOn

speed is a maximum rate at which perturbations can propagate in the

longitudinal direction, it seems reasonable to assume that the extent of

magnetic islands In the longitudinal direction is similar to that in the

transverse direction, indicating that the longitudinal dimension also will be

of order 0.1 R. If we consider, for def initeness, that B a 102, then R a 108

for elementary flux tubes of total flux 1018*4 Hx. Bence the dimensions of

the magnetic islands will be of order 107 cm so that, if the free energy is

about 10 percent of the total magnetic energy, the energy released per island

will be of order 1023 erg. On comparing this estimate with our estimates of

U0 and UT- we see that the *magnetic island* hypothesis can more easily be

reconciled with estimates of U0 than with estimates of Ur If n a 10*5 the

Alfvbn speed is VA~ z 108.5 50 that the characteristic time scale for the

development and decay of a magnetic island is of order 10-1.5 a. This is

somewhat -short compared with the time scales of the majority of microwave sub-

bursts. Hence the length scale of magnetic islands in the solar-flare

situation may be somewhat larger than 0.1 R, -so increasing the time scale and

considerably increasing the amount of energy released. For instance, islands

with a characteristic -scale of 0.3 R will have a characteristic time scale of

10-1 a and a characteristic energy release of order 1024*5 erg.

The above energy estimate agrees very well with our estimates of U0 for

the case 6 z 3, B = 102, and is comparable with our estimates Of UT for the

cases 6:3, B =103 and 6  5, B =103. However, it is still small compared

with the estimate we obtained for 6 3, B a 102. It is possible that the

inferred power-law spectrum for electrons accelerated in solar flares applies

20



only to the average spectrum, and that the spectrum produced by an individual

magnetic island is sharply peaked at an energy much higher than 20 keY. If

this is the case, and if we interpret microwave sub-bursts as being due to

individual magnetic islands, we can understand the general lack of correlation

between fluctuations observed at different microwave frequencies and in X-

rays.

3. Onset Phase and Late Phase (The Gradual Phases)

We pointed out, in the introduction, that the impulsive phase of a solar

flare is typically preceded by an "onset phase which involves soft X-ray

emission (sometimes attributed to wpreheating) and filament activation.

Soft X-ray emission and H-alpha emission typically persist for some time

after the impulsive phase has ended. In some cases, this may be attributed to

the hot flare plasma produced by evaporation during the impulsive phase.

However, in other cases, detailed analysis indicates that continued energy

release is required to explain this phase (Hoore &LAl. 1980), showing that

some flares involve a *late phase of energy releaseg (Sturrock 1980).

We refer to the onset phase and to the late phase of energy release as

the "gradual phases', since they are similar and differ markedly from the

impulsive phase. By comparison with the impulsive phase, energy release is

slow, steady, and does not lead to acceleration of particles to high energies.

On comparing the properties of the gradual phases with the various possible

stages of reconnection discussed by Carreras At Al. (1980) and Carreras At .. '

(1981), it seems likely that the gradual phases involve only the steady modes

of reconneotion (I and II), not the rapid stochastic phase (III) which is

evident in the impulsive phase.

Even if the onset phase and the impulsive phase involve the same

magnetic-field configuration, the transition from a slow state of reconnection
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to the rapid stochastic phase is not unreasonable. However, it is not so easy

to understand why the stochastic phase should give way to the slow quiet mode,

unless the late phase involves a different magnetic-field configuration. .

In attempting to understand the processes responsible for the onset and :'" '

late phases, we restrict our attention to two-ribbon flares which typically

involve all three phases of energy release. Two-ribbon flares typically

involve filament eruptions, and we follow Kiepenheuer (1964) in regarding the

filament eruption and the flare as a single complex process. We therefore

attempt to Interpret the onset phase and the late phase by considering the

role of the filament in the eruption-flare process.

Moore and LaBonte (1980), in their analysis of the filament eruption and

3B flare of July 29, 1973, state that *the eruption of the filament and the -

onset of the two-ribbon H-alpha flare were preceded by precursor activity in

the form of small H-alpha brightenings and a mass motion along the neutral

line and well below the bottom edge of the filament,' and that 'the onset of

the flare ribbons occurred simultaneously with the filament eruption.* In

this, as in other cases, the beginning of the impulsive phase of the flare

coincides with the beginning of the rapid vertical motion of the filament.

Moore and LaBonte conclude that "both the destabilization of the filament and

the initial flare ribbons resulted from magnetic-field reconnection below the

filament; this initial reconnection triggered the flare.'

In order to understand the Interplay between filament eruptions and

flares, it is necessary to have a model of the structure of filaments. The

models proposed by Kippenhahn and Schluetter (1957) and by Kuperus and Raadu

(19714) do not provide the complexity necessary to understand observations such

as those of Moore and LaBonte (1980). Our proposal is that the magnetic-field

structure of the filament involves a large number of flux tubes braided like

a rope, extending along the magnetio-field reversal line, and with multiple

22 .,
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connections on either side of that line (see Figure 2). We may then interpret

simultaneous eruption of the filament and initiation of the flare as being

caused by reconnection of contiguous but opposit ly directed flux tubes

linking the filament to the photosphere, as indicated in Figure 2. This

reconnection has two effects: one Is to produce flare-like brightenings of

the footpoints nearest to the site of reconnection (and possibly other

footpoints where the relevant field lines re-enter the photosphere), and the

other is to partially disconnect the filament from the photosphere. As a -

result of this disconnection, the balance of forces will be changed and the

filament will begin to move vertically upwards. This picture offers an

explanation of the fact that the beginning of rapid eruption is coincident
L

with Initial H-alpha brighteninge below the filament (Moore and LaBonte 1980;

Moore At Al. 1982). A combined filament eruption plus flare would occur if

the initial reconnection triggered a runaway process of filament motion plus

extensive reconnection.

Many filament eruptions do not involve flares. Hence reconnection cannot

play an important part in such events. It is possible that, in such cases,

the filament is anchored only at its ends and that the eruption is due simply

to an MHD Instability. Alternatively, it is possible that reconnection

occurs, but only in those limited low-lying regions between adjacent foot-

points (producing small H-alpha brightenings), and does not trigger

reconnection of an extended system of flux-tubes, such as is required to

produce a flare.

We now turn to the late phase of energy release of tworibbon flares,

which is evident both from the slow separation of the the flare filaments and

the slow energy release required to explain the detailed development of soft

X-ray emission from such flares. The slow separation of the flare ribbons and
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the trising mound" appearance of limb flares as observed in H-alpha (Bruzek

1964) can be explained very plausibly in terms of the progressive reconnection

of an open magnetic-field structure (Sturrock 1968; Kopp and Pneuman 1976).

However, if this structure were (as originally proposed) the preflare

magnetic-field structure, then the vertical current sheet would be located

above the filament so that, as noted by Svestka (1976), it Is then difficult

to understand that the initial flare brightenings occur below the filament and

very close to the field-reversal line. However, the eruption of the filament

leads to a stretching of the overlying magnetic-field lines. In this process, .

an extensive vertical current sheet is formed below the erupting filament

(Figure 3). The late phase of a flare can now be understood as steady

reconnection of this current sheet.

We have noted that the onset phase and the late phase differ from the

impulsive phase in being comparatively slow and steady and in producing only

low-energy electrons, as is evident from the X-ray speotrum. In the case of

the onset phase, this difference may be due to the fact that reconnection is

occurring very low in the solar atmosphere so that the plasma density will be

high and the Alfvbi speed correspondingly low. In the case of the late phase,

the difference may be due to the fact that the newly formed current sheet is

fairly smooth in structure rather than dominated by the current system of

elementary flux tubes. However, these are merely suggestions: we need to

learn more about the conditions which lead to either steady reconnection or

stochastic reconnection in solar active regions.

Many flares appear not to involve a filament eruption. It is possible

that some such flares do not involve the eruption of a magnetic-field

structure or a similar MHD process. It is also possible that, In some such

flares, such an eruption does occur but It is not visible In H-alpha because _771

the configuration does not provide a support mechanism for cool gas or has not

..



yet collected a detectable amount of cool gas. Zirin (1982) has, in fact,

expressed the opinion that in almost all flares one can, with sufficient

sensitivity, detect the presence before the flare of an elevated dark feature

that vanishes in the course of the flare.

The basic proposals advanced in this article are the following:

(a) the fine structure of the impulsive phase of flares may be

attributed to the fact that the magnetic field is composed of elementary flux

tubes,

(b) an elementary flare burst represents energy release of a single flux

tube,

(c) the sub-bursts are due to the deveopment of magnetic islands,

(d) the onset phase of a two-ribbon flare is due to reconnection of

contiguous but oppositely directed magnetic flux tubes linking the filament to

the photosphere, and

(e) the late phase of a flare is due to reconnection of a current sheet

formed by the filament eruption.

A number of topics require further theoretical study. These include the

*following: the structure of elementary flux tubes and their aggregations;

energy release in single tubes and in aggregates of tubes; the structure of

filaments and modes of eruption with or without reconnection; and

consequences, such as acceleration, of the different modes of reconnection.

The further study of these proposals would be greatly advanced by certain

observations. These include: the fine structure of the photospheric magnetic

field and its relation to flare emission when a flare occurs. (Such

observations could beat be made by means of the Solar Optical Telescope.) The

horizontal velocity field of active regions and the relation of photospheric
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vorticity to flares. (Such observations could probably best be made by means

of correlation techniques applied to sequential photographs of the

photosphere.) The fine structure of filaments, aimed jespecially at determining

the magnetic -structure and the photospheric connection. (This would perhaps

best be achieved by high-resolution study of the velocity field of cool gas in

filaments.)

The proposals advanced in this article may, if substantiated, have useful

implications concerning the problem of flare prediction. The energy released

during the impulsive phase is due to the twisting of elementary flux tubes

such as would be produced by photospheric vorticity. Hence the monitoring of

the photospheric velocity field could give information which would help one to

predict whether a flare with an intense impulsive phase were likely to occur.

If our interpretation of the mechanism of two-ribbon flares is correct,

then the prediction of such flares involves first the prediction of f ilament

eruption; second, the determination of whether or not this eruption involves

reconnection or will trigger reconnection; and determination of whether the

current sheet which would be produced by the filament eruption is likely to

reconnect.

It Zirin is9 correct in claiming that all flares involve erupting dark

features, then the prediction of flare occurrence will require intensive study

of the structure and behavior of such features.
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Figure I Schematic representation of possible ooronal magnetic field

structure, determined by the aggregation of photospheric magnetic

field into discrete knots.

F~gure 2 Schematic representation of possible magnetic field configuration of .

a filament.

Fiure3 Schematic representation of the development of an extended current

sheet beneath an erupting filament.
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